*1 r Fermi National Accelerator Laboratory

FERMILAB-Conf-93/319-E
CDF

B-Lifetime Measurements at the Tevatron

Hans Wenzel
For the CDF Collaboration

Fermi National Accelerator Laboratory
P.0. Box 500, Batavia, Illinois 60510

INFN
Pisa, Italy

November 1993

Published Proceedings Advanced Study Conference on Heavy Flavours, Pavia, Italy, September 3-7, 1993

# Operaled by Universities Rasaarch Association Inc. under Contract No. DE-AC02-76CHO3000 with the United States Department of Energy



Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or assumes any legal lability
or responstbility for the accuracy, completeness, or usefulness of any information,
apparetus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein

do not necessarily state or reflect those of the United States Government or any agency
thereof.



CDF/PUB/BOTTOM/PUBLIC/2314
FERMILAB-CONF-93/319-E

B-LIFETIME MEASUREMENTS AT THE
TEVATRON

Hans Wenzel for the CDF collaboration
Fermilab and INFN Pisa
P.0.Box 500, Batavia, Illinois 60510, USA

Abstract

During the run period from May 1992 to begin of June 1993 the Collider Detector at Fermilab
(CDF) has recorded == 21.4 pb~! of pp collider data at /s = 1.8 TeV. For this run the detec-
tor had been upgraded which significantly enhanced its b-physics capabilities. The upgrades
include a high precision Silicon VerteX detector {SVX) which enables CDF to reconstruct the
decay vertex and decay length of b-hadrons. In this article we report on several measurements
of the lifetime of b-flavored hadrons. The determination of the average b-lifetime using in-
clusive J/4's, the measurement of the Bt and B" lifetimes by reconstructing exclusive final
states including a J/v or ¥(25) and a measurement of the BY meson lifetime exploiting the
decay: B, — lwvD} — lvgnt > WK K- nt
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1 Introduction

During the 1992-93 run (Run 1A), which lasted from the 12th of May 1992 to the first of June
1993, the Collider Detector at Fermilab (CDF) managed to record = 21.4 pb~' of pj collider
data at /s = 1.8 TeV to tape.

The b-lifetime measurements described in this article are the first ones reported from a
hadron collider experiment. They demonstrate that it is possible to access the large bb-cross
section at hadron machines (o(%8) = 6.5 4+ 2.2 pb for || < 1. and P(b)} > 7.5 GeV/c at
/s = 1.8 TeV [1]) and to achieve a precision comparable or better than at e*e™ machines
which up to now dominate the field.

In the absence of a sophisticated trigger which selects events including displaced vertices
there are basically just two ways to obtain clean b-enriched samples at hadron collider exper-
iments. One is to trigger on events including high pr leptons, while the other is to trigger on
J/¥ — pTp~ X events. As we will see in the following sections we have collected large data sets
of inclusive lepton and dilepton events. The J/¢ sample for example consists of approximately
80000 events after background subtraction where about 20% come from b-decays.

The CDF detector has been described in detail elsewhere [2]. For the 1992-93 collider
run, a silicon vertex detector (SVX) has been installed [3]. The SVX consists of 4 layers of
silicon-strip detectors with r-¢ readout, including pulse height information. The pitch between
readout strips is 60 pm, resulting in a spatial resolution of 13 pm. The first measurement
plane is 2.9 cm from the interaction point, leading to an impact parameter resolution of ~ 10
pm for high momentum tracks. Figure 1 shows one of the two SVX barrels. Each barrel has
a length of approximately 25 cm. A new central muon extension (CMX) system installed in
1992 extends the muon coverage to be used in the trigger to a pseudorapidity |n| < 1 compared
to |n| < 0.65 previously, where 7 = —In(tan(6/2}).

2 Measurement of the inclusive B-lifetime using J/v's.

We report here a high statistics measurement of the inclusive b-lifetime determined from a
sample of B — J/¢¥X — p*p~ X decays corresponding to 10.1 4- 0.7 pb~'. With the large b
production cross section in pp collisions it is now possible to obtain statistical uncertainties
of ~~ 4% for this mode, which occurs with a product branching ratio BR(B — J/¢X) -
BR(J/4 —> ptp )= 7.7 x 107* [4].

CDF uses a three-level trigger system. At Level 1 the particular trigger selecting the events
used in this analysis required the presence of 2 charged tracks in the central muon chambers.
For the inclusive lifetime measurement we restricted ourselves on muon pairs in the central
muon system which covers || < 0.65. For this system the trigger efficiencies are well measured
and could be used in computer simulations necessary to obtain correction factors (see below).

Level 2 required that at least one of the muon tracks match a charged track in the Central
Tracking Chamber (CTC) found by the Central Fast Track (CFT) processor [5]. The CFT
selected tracks with P, > 2.5 GeV/c. The level 3 software trigger required the invariant mass
of the dimuon system to be between 2.8 and 3.4 GeV/c?.

To reduce the background from fake muons, the following muon selection cuts were applied:
1) the distance between the track in the muon chamber and the extrapolated CTC track was
calculated in both the transverse and longitudinal planes. In each view, the difference was
required to be less than 3.0 standard deviations (o) from zero (where a standard deviation is
calculated as the quadratic sum of the multiple scattering and measurement errors};

2) the energy deposited in the hadronic calorimeter by each muon was required to be greater



READOUT EAR

SILICON
DETZCTOR

READOUT END

. “BULKHEAD

\
\\
\ “COOL ING
TUBE

DUMMY EAR \PORT CARD

Figure 1: Schematic view of one of the two SVX barrels.

than 0.5 GeV, corresponding to the presence of a minimum ionizing track;

3) the reconstructed P, of at least one of the muons was required to be > 2.5 GeV/c.

We required both muons to be reconstructed in the SVX with at least three out of the four
possible hits. To ensure that the J/i decay vertex was well measured, strict track quality
cuts were imposed on the sample [6]:

1) all SVX track residuals were required to be less then 4 o;

2) SVX tracks where one or more hits were assigned to more than one track were removed:
3) SVX tracks with hits with total charge more than 4 times the charge deposited by a minium
ionizing particle were removed;

4) the two muons were required to come from a well-measured vertex;

5) the calculated error on the transverse decay length oy, (see definition of L,, below) was
required to be < 150 pm (compared to the mean value of o;,, ~ 60um);

6) for each muon the x? for SVX hits was required to be less than 20 for 4 d.o.f.

After applying the above cuts, a sample of 5667 events remained in the J/4 mass range,
defined to be £50 MeV/c? around the world average value of the J/+/-mass {3.0969 GeV/ c?).
After background subtraction we find 5350 J/¢ — utp~ candidates with a mass resolution
of 16 MeV/c*.

Sideband regions are defined to have invariant mass from 2.9 to 3 GeV/c? and 3.2 to
3.3 GeV/c?. These sidebands were used to determine the lifetime distribution shape of the
background under the J/¢ signal. Figure 2 shows the invariant rass distribution of the
selected events.

For each J/4 in the sample, a two dimensional decay distance L., was calculated. L., is
the projection of the vector X pointing from the primary to the secondary vertex onto the
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Figure 2: Invariant mass distribution of two opposilely charged muons as selected for the
wnclusive lifetime measurement. The grey-hatched area indicates the J /vy signal region and the
cross-hatched areas show the sideband regions.

transverse momentum of the J/v:
£

B
Here the decay vertex position is obtained from the vertex-constrained fit to the two muon
tracks. The primary vertex is approximated by the average beam position, determined run-
by-run by averaging over many events. The transverse profile of the beam is circular and has
a rms of approximately 36-38 um.

To convert the transverse decay length into a lifetime the relativistic quantity (8+v)g of
the b-hadron must be determined. Since the J/+’s selected by the dimuon trigger carry
most of the B momentum, the (3v)y of the J/4 is a good first approximation for (3v)g. A
correction factor F as shown in Figure 3a) was determined from Monte Carlo as a function
of the transverse momentum of the J/4. F varies only weakly over the P, range of the J/v
sample and is approximately 0.86. The P;-distribution of our J/+-sample is shown in Figure
3b) where A >> 200pm was required to ensure that all J/i’s come from b-decays.

Thus the best estimate of the proper time of the B is given by:

L,, =

M,
pF(p!)

To obtain F' the momentum spectrum of the b-quarks was generated using the QCD calcula-
tion from reference [7]. To estimate the systematic uncertainties in modeling this cross section
we compared the QCD predictions with simple power law distributions producing softer or
harder spectra than the data or the QCD prediction. The b-quarks were then fragmented
using the Peterson fragmentation function [8) where the fragmentation parameter and its un-
certainty (¢ = 0.006 & 0.002) have been taken from [9]. The b-hadrons were then forced to

A=1L,, -



decay into J/v¥ + X. The J/4 spectrum in the B rest frame was obtained from the experi-
mental results of ARGUS and CLEO [10]. We also used their results [11] , to set bounds
for the polarization when modeling the decay J/¢¥ — ptp~. The resulting muon decays were
passed through a computer simulation of the CDF detector and trigger.

In order to extract the B lifetime from the A distribution, we fit to 3 sources of dimuon
events in the J/¢ invariant mass region:

(i) J/¢’s from B decays. This part is parameterized as a (Gaussian convoluted with an
exponential. The fit parameter fg gives the fraction of J/4¢ coming from B-decay.

(1) J/4’s directly produced in pp collisions, or resulting from the decay of intermediate
states which are sufficiently short-lived that their decay vertex is indistinguishable from
the primary vertex {eg. x.’s). This part is parameterized with a Gaussian resolution
function.

(iii) ’fake’ J/4’s coming from processes whose invariant mass falls accidentally in the J/4
mass window. These events include dimuons from Drell-Yan production, double semilep-
tonic b-decays, meson decays-in-flight and hadron punch-through. The shape of the
contribution is obtained by fitting the sidebands. This fit is parameterized as the sum of
a central Gaussian and left-side and right-side exponentials with different slopes. Since
the dimuon sample contains events from sequential b-decays (b — cur — spvuv), the
A distribution is expected to be asymmetric. The background fraction, fgqr, is also
determined from the sidebands and is not a fit variable.

Figure 4b) shows the A distribution in the signal region. The result of an unbinned likeli-
hood fit to the data is superimposed. The dark-shaded area shows the contribution from the
background as obtained by the fit to the sidebands as shown in Figure 4a). The light-shaded
area shows the sum of the background distribution and the Gaussian convoluted with the
exponential from b-decay. The remaining Gaussian centered at 0 (unshaded area) is due to
prompt decays. The fit results in:

™ = 1.46 £ 0.06 (stat.) ps and f = 15.1 + 0.6%(stat.)

The fit parameter fg obtained in the above procedure does not necessarily reflect an unbiased
measurement of the fraction of J/4’s coming from b decay. The applied track quality cuts
favor isolated events therefore these cuts systematically decrease this fraction.

The systematic uncertainties on this measurement are listed in Table 1. The systematic
uncertainty due to model dependence, including the b quark production spectrum, J/v mo-
mentum spectrum in the B rest frame, J/v polarization and fragmentation as well as the
uncertainties associated with modelling the decay of b-baryons and higher mass b-states is
3%. The uncertainty in the decay vertex resolution has been studied using several independent
datasets. Studies of a sample of prompt T{1S5) — u*p~ events and of a sample of tracks se-
lected from jet events indicate that the resolution function for tracks from the primary vertex
1s symmetric and centered at zero decay length. The uncertainty due to residual misalignment
of the SVX has been studied by varying the alignment correction constants. The systematic
error due to misalignment was estimated to be 2%. The beam position variations within
a run have been measured to be less than 4 pm, which leads to a 1% systematic error on
the ¢r measurement. The effect of impact parameter bias in the CFT and Level 3 trigger
gives an estimated uncertainty of 1.4%, while the systematic error due to the background
parameterization was estimated to be 0.5% by varying the slope of the two exponentials in
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[ Description | Contribution J

Production and decay kinematics 3%
Residual misalignment 2%
Beam stability 1%
Trigger bias 14 %
Background parameterization 0.5 %
Uncertainty in cr resolution 1.6 %
LTota,l | 43 % |

Table 1: Systematic uncertainties of the inclusive lifetimne measurement.

this parameterization by one sigma. The effect of varying the er error scale in the maximum
likelihood fit gives an 1.6% uncertainty.
In conclusion, we have measured the average B lifetime at CDF. We find:

g = 1.46 £ 0.06 (stat.} = 0.06 (syst.) ps

This measurement is the average over all b-hadrons produced in pp collisions at /s = 1.8
TeV, weighted by their branching ratios into J/4 and their production cross sections.

Table 2 shows the results of recent inclusive lifetime measurements [12] [13]. Most of them
are using the lepton impact parameter to extract 7. Our measurement is in good agreement
with these measurements. The LEP results shifted quite remarkably since 1991. At that time
the average was about 1.3 ps '. All updated measurements are around 1.5 ps as summarized

in Table 2.

Experiment T
in ps
CDF (J/4) 1.46 + 0.06 (stat.) 0.06 (syst.)

ALEPH (J/4) 1.35 + 0.19 {stat.)+ 0.05 (syst.)
OPAL (J/v) |1.32 +0.31 —0.25 (stat.) 4 0.15 (syst.)

OPAL 1.523 £ 0.034 (stat.)+ 0.038 (syst.)
L3 1.533 £ 0.035 (stat.)+ 0.028 (syst.)
DELPHI 1.28 + 0.1 (stat. + syst.)
ALEPH 1.49 £ 0.03 (stat.)+ 0.06 (syst.)

Table 2: Comparison of recent inclusive lifetime measurements.

3 Measurement of Bt and B? lifetimes using exclusive
decays.

The relatively straightforward extraction of the lifetime is performed in three steps:

'see e.g. [14]



1. Reconstruct B’s in the following channels:

B, — J/$pK* By — J/¢K3

B, — J/YK*892)F B, — J/YpK*(892)°
B, — 1;‘)(25)Ki By — ¥(2S)K}

B, - $(285)K*(892) B; — w(25)K*(892)"

with the subsequent decays:

$(25) — J/yrtrT  K*(892)" — Kix¥

T — ptp” K*(892)* — Kgr*
K) — wtx~

2. For each candidate, compute the proper time cr = L., M?/pf, where the transverse
decay length L., is obtained assuming the primary interaction vertex to occur at the
center of the beam spot.

3. Fit the proper time distributions to extract the lifetimes, assuming that the background
events under the signal have the same distribution as the side band candidates.

In the following the event selection and the reconstruction of exclusive final states will be

described.

J /4 selection:

The data selection is slightly different from the one for the inclusive lifetime measurement.
Here the dominant error arises from the limited statistics so that strict track quality cuts
to reduce the systematics originating from tails in the resolution function don’t pay off. To
reconstruct exclusive decays we start with a slightly bigger data sample corresponding to an
integrated luminosity of 11 pb~'. Since we fully reconstruct the complete B-decay chain Monte
Carlo modelling of trigger and acceptance to obtain a correction factor F isn’t necessary. We
can also use the muons detected in the muon extension system (CMX). While the muon
selection cuts are the same as described in section 2, no strict qualily cuts were applied.
Instead all tracks used for the B-vertex were required to be well measured in the CTC and
to have either at least 3 hits or 2 nonshared hits with a x? of less than 8 in the SVX. This
results in a sample of 19165 £+ 107 J/+ events. The mass resolution returned by the fit is 17
MeV/c*. The signal region is defined as =80MeV/c? around the J/1-mass.

P(25) selection:

%(25) mesons are reconstructed via the decay ¥(25) — J/¢¥x'7 . The vertex- and J/4
mass-constraint fit to the four tracks was required to have a x? -probability prob(x?) > 1%
and to have a momentum of more than 3 GeV/c. The invariant mass of the #*x -pair was
required to be less than 0.6 GeV/c? and finally the invariant mass of the four tracks had to
be within 20 MeV/c? around the world average 1(25)-mass (3.686 GeV/c?). The selected
sample consists of 344 + 43 4(25) events. The decay mode 4/(2S5) — u*u~ hasn’t been used
yet but will be in the near future.

Kaon selection:

K¢ —» w7 =~ transitions were identified by requiring the vertex to be displaced from the
primary vertex. For the vertex constrained fit we required prob{x?) > 1% ; er had to be
greater than 0 and the invariant mass m., had to be within 20 MeV/c? of the K mass.

For K*(892)* — Kim* candidates prob(x?)> 1% was required for the vertex and muass
constraint fit, the invariant mass of the K37 had to be within 80 MeV/c? of MK - (8o2) -

The invariant mass of K7(892)° —+ K=n¥ candidates was required to be within 80 MeV/c?
of mk’*(ggg)o.




Parameter Fit results

Charged B | Neutral B
A=cr [pm] 488 + 63| 462 + 67
a (%] 33 + 3| 18 + 2
ng [events] | 75 + 10| 61 + 9
f (%] 6 £ 4 1 4+ 1
A~ (] 38 + 15|13¢ + 87
fr [%] 5 &+ 20 10 + 2
A+ [wm] | 154 + 50| 86 + 13

| Lifetime ratio = 7%/7" = 1.06 + 0.20 |

Table 3: Result of fit to the proper cr distributions of the exclusive decays.

Putting it all together:

All reconstructed Kaons (K*, K2, K*(892)° or K*(892)%) are required to have P,(K) >
1.25 GeV/c. Finally all charged tracks except tracks from K@ were vertex and mass constraint
to the J/1¢,¥(25). In the case of a Ki} we performed a vertex and mass constrain fit to the
Kj and applied a pointing constraint to the B vertex. For each fit we required prob(y?)>
1%. For the reconstructed B we required P,(B) > 6.0 GeV/ec.

The signal region was defined as 30 MeV/c* around the B-meson mass. The sideband
regions are the mass regions between 60 and 120 Mev/c? above and below the B-mass.

To fit the cr-distributions and to extract the lifetime we assume that the cr-distribution
of the background has the same shape as the sidebands. The proper c¢r-distribution of the
sidebands and the background in the signal region is parameterized as a Gaussian resolution

function plus exponential tails (fractions f* and slopes A*). The signal (ng events) is param-
eterized by an exponential (slope A) convoluted with a Gaussian resolution function where the
sigma 1s the error as calculated event by event. The unbinned fit is performed simultaneously
on the signal and sideband regions constraining the number of background events (fraction
1—a) to be, within Poisson fluctuations, equal to the number of events in the sideband regions
normalized to the same invariant mass interval as the signal. The result of the fit is summa-
rized in Table 3. Figures 5 and 6 show the proper cr distributions for charged and neutral
B-mesons with the fit superimposed as well as the proper cr distributions of the sidebands.

Table 4 summarizes the systematic uncertainties on this measurements. The errors re-
lated to misalignment and trigger bias are the same as for the inclusive lifetime measurement.
Since the decay is fully reconstructed there is no error due to model dependences, instead
the dominant systematic errors come from the uncertainty in the background shape (=~ 10%)
and resolution function (= 5%). This is due to the fact that the background fraction in these
samples is bigger (70 to 80% compared to 5.7 %) and that the track requirements are less
strict. There are also a couple of events in the sideband region which seem to be displaced
from the primary vertex and which are not very well accounted for in the fit. Overall the
total error is dominated by statistics rather than by systematics. After the full present data
set has been used, we expect:

systematic uncertainties < statistical uncertainties < 15%
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Description B* BY

Residual misalignment | 10 pm | 10 pm
Trigger bias 6um | 6 um
Beam stability Sum | 5pum
et resolution 10 pm | 10 pm
Fitting procedure bias | 5 pm | 5 pm
Background shape 45 pm | 25 pm

| Total (preliminary) | 48 pm | 30 pm |

Table 4: Systematic uncertainties of the exclusive lifelime measuremnent.

In conclusion using ~ 1/2 of the data collected up to now, we obtain:

7% = 1.63 + 0.21 (stat) - 0.16 (syst) ps  (preliminary)

7 = 1.54 + 0.22 (stat) = 0.10 (syst) ps  (preliminary)

/7% = 1.06 + 0.20 (stat) £ 0.12(syst) (preliminary)

4 Measurement of the B! meson lifetime

One possibility would be to use the decay B, — J/¢¥¢ [15] but for this mode the statistics is
limited. Instead we partially reconstruct the semileptonic decay B, — lw D] by identifying
events where a D, is associated with a lepton. Some momentum is carried away by the neu-
trino which has to be corrected for with a correction factor K(F,) = P,(1D7)/P/(B,) obtained
from Monte Carlo calculations. The D} has a finite lifetime resulting in an additional vertex
displaced from the B, vertex. To estimate the B-vertex in the rp-plane we first reconstruct
the vertex and the transverse momentum of the D}. Then we extrapolate its trajectory back
to where it intersects with the trajectory of the lepton.
Thus the best estimate of the proper time of the B decay is:

* LB.s My,
et = 220
p({DF)

The selected data sample consists of approximately 13 pb~' of electrons with E, > 6 GeV
and about 13.5 pb~' muons with P, > 6 GeV/c corresponding to == 4 - 10° candidates of each
lepton type. The D} are identified from the decay D} — ¢xt — Kt K- =n*. Any oppositely
charged track pair is used to form a ¢ candidate, where each kaon candidate is required to
have P, > 0.8 GeV/c and to be within a cone of /Ap? + Agp? < 0.8 around the lepton. A
¢ candidate is accepted when its mass is within + 8 MeV/c? and its F; is above 2.0 GeV/e.
Then we combine an additional track which has a charge opposite to the lepton charge to form
a Df. These three tracks are then vertex constrained requiring x2 < 15 for 3 d.o.f. To reduce
combinatorial background we require | cos| > 0.4 where v is the helicity angle between the
K™ and the D} in the ¢ rest frame. This cut removes 40% of the flat background and keeps
93% of the signal.

To provide a check the decays B — ["D°X and B — "D *X were reconstructed in
a similar fashion. Figure 7 shows the invariant mass distributions for DY — K-7% and

11



DY — ¢t — KT K -7t candidates. The signal and sideband regions are indicated. We find
41 £ 6 D} events and 251 & 15 D" events. Figure 8 shows the c7*-distribution of 17 D° (upper
plot) and 17D (lower plot) events with the result of an unbinned likelihood fit superimposed.
The fit results as well as D-lifetime results extracted from this data are summarized in Table
5. The systematic uncertainties are summarized in Table 6.

crgo(B — lv D7) | 46175 pm
erg(B — lv DUX) 466715 um
erg(B — v D™EX) | 4417 um
crp: (DY — ¢nt) | 21015 pm
erpo(DY — Kta™) | 160 =32 pm

Table 5: Lifetime fit results.

[ Description | Contribution |
Resolution function + 3 pm
Background shape + 12 pm
Decay length cut - 10 pm
Fitting method + 6 pum
Production and decay kinematics + 19 pm
Uncertainty in er resolution + 20 pm
Residual misalignment + 9 pm
Physics background + 11 pm

| Total (preliminary) | £3ppm |

Table 6: Systematic uncertainties of the B] lifetime measurement.

In conclusion, we have measured the BY lifetime and find the following value which is
consistent with LEP results [16].

tho = 1.54%047 (stat.) +0.12 (syst.) ps (preliminary)

5 What’s next?

Up to now only about 50 % of the present data has been used for the measurements reported
in this article. Processing the rest of it is under way especially the exclusive and semiexclusive
lifetime measurements will benefit from doubling the statistics. The only obstacle is the fact
that in the late part of the run radiation damage somewhat degraded the performance of the
innermost SVX layer. Here one has to be careful in combining the samples.

The inclusive measurement which has already been submitted for publication will also be
performed with higher statistics. Improved measurements of the J/v- polarization and the
J/¥-momentum spectrum in the B-restframe are now becoming available from CLEO II, as
well as measurements of the differential bb cross section at the Tevatron. The hope is that the

12
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an unbinned hkelihood fit superimposed.
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systematic error linked to the production and decay kinematics will be reduced. In addition
we will measure the time dependence of B;B, mixing.

In November 1993 a new run (Run 1B) will start. The goal is to increase the current
dataset to a total of 100 pb~'. To deal with this high luminosity CDF has been equipped
with a new silicon vertex detector SVX’ which is radiation hard and which has a much better
signal to noise ratio than its successful predecessor.
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